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To overcome the difficult deformation of common Mg alloys, the Mg-5Li-1Al (wt %) alloy sheet with good strength-
ductility balance has been successfully fabricated by two-pass extrusion at 280 °C. The microstructural evolution, texture, 
mechanical properties and stretch formability of the extruded sheets have been investigated. The results show that a refined 
microstructure can be obtained by two-pass extrusion due to dynamic recrystallization (DRX). The extruded sheet exhibits 
excellent formability with elongation to failure (FE) of 34% and Erichsen value of 4.82. The superior mechanical properties 
have been owing to both ultrafine DRX grains and weaken basal texture resulted from lithium addition. 
Keywords: Mg-Li alloy, Formability, Texture, Ductility, Extrusion 
1 Introduction 
Magnesium and its alloys, acting as the lightest 
construction metals in the automotive, aerospace, and 
electronic industries, have been given considerable 
attention due to their low density, good castability, 
and excellent comprehensive properties
1-4
. However, 
the insufficient number of operative slip in the 
hexagonal close-packed (hcp) structure limits the 
applications of wrought magnesium alloys
5,6
. 
Generally, the strong crystallographic texture is 
observed in this structure, namely the basal (0001) 
planes of vast majority of grains close to the sheet 
planes 
7-10
, hence the deformation of common 
magnesium alloy is relatively difficult at room 
temperature. 
Several studies were devoted to alleviate the basal 
texture in magnesium alloy sheets through alloying 
and thermo-mechanical processing
10-13
. Light rare 
earth metals have been widely used to control the 
texture, such as cerium or neodymium. But the cost of 
these Mg alloys is higher and the preparation is more 
difficult than common Mg alloys
 14-16
. The addition of 
Lithium can make Mg alloy attractive because it is an 
ultralight alloy with higher specific strength. The 
lithium addition also can improve the room-
temperature ductility of Mg 
17-21
. A number of studies 
explored that Li addition can improve activities of 
cross-slip and non-basal slip systems in α-Mg phase, 
which make Mg-Li alloys have better plastic 
deformation ability
22
. However, Mg-Li alloys suffer 
from the lower strength. The third element, such as 
Al, Zn, and Ag, is often simultaneously added into 




Although a large number of related reports mainly 
focus on the microstructure and mechanical properties 
of Mg-Li alloys, there are few reports on the 
investigation about improving the mechanical 
property and stretch formability of Mg-Li-Al alloys 
through two-pass extrusion, as well as induced 
recrystallization behavior. In this work, the 
microstructure and mechanical property of two-pass 
extruded Mg-5Li-1Al alloy sheet were investigated. 
In addition, the texture evolution during two-pass 
extrusion are discussed in detail, and the formability 
are also analyzed. 
 
2 Experimental Procedure 
The Mg-5Li-1Al (LA51) alloy used in the 
experiment was cast in a vacuum electromagnetic 
induction furnace under an argon atmosphere. The 
material of Mg, Li, and Al is commercially pure 
(＞99.9%). The melt was held at 700 °C for 20 min 
and then poured into a metallic die with diameter of 
————— 
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85 mm and length of 450 mm under protective 
atmosphere of argon gas. The cast billets were 
homogenizing treated at 280 °C for 24 h and then 
followed under air cooling condition. Afterward, the 
homogenized ingot was extruded firstly at 280 °C to 
get a rod with size of diameter 80 mm. Then the rod 
was extruded secondly at 280 °C to obtain a sheet 
with thickness of 1mm and width of 56 mm. Between 
two pass extrusion, the rod was annealed at 220 °C for 
30 min. The actual measured chemical composition of 
the as-cast alloy was Mg-4.72Li-0.98Al (wt%), which 
was determined by inductively coupled plasma atomic 
emission spectrometer. 
To reveal the microstructure, the samples were 
sectioned, mounted and polished, followed by etching 
1-5 s in the etchant of 5 g picric acid, 10 ml acetic 
acid, and 95 ml ethyl alcohol. The optical microscopy 
(OM) and scanning electron microscopy (SEM) were 
used to observe the microstructure of the specimen. 
Phase analysis was performed by RIGAKU D/MAX 
2500PC X-ray diffractometry (XRD). The texture and 
crystallographic orientation were analyzed by electron 
backscattered diffraction (EBSD). In order to remove 
surface strain, the piece was mechanically ground and 
electro-chemically polished at 20V and -15 °C for 
~60 s. The data was analyzed with the HKL Channel 
5 EBSD software and it was not considered that the 
misorientations were lower than 0.5° in the data post-
processing. A 15 ° criterion was employed to 
differentiate high-angle grain boundaries (HAGBs) 
and low-angle grain boundaries (LAGBs). The 
accompanied sub-grains were defined by boundaries 
with mis-orientation larger than 2°. 
The mechanical properties were measured by 
uniaxial tensile test at a strain rate of 3mm min
-1
 at 
room temperature. The tensile specimens of the  
as-extruded plates were cut into flat along the 
extruding direction (ED), transverse direction (TD), 
and 45
o
 from ED, with a gauge section of 25 mm×10 
mm×1mm. In order to further quantify strain 
hardening behaviour of the two-pass extruded LA51 
alloy, the uniform plastic deformation stage in 






 … (1) 
 
where K, εp and n represent the strength coefficient, 
true plastic strain, and the strain hardening exponent, 
respectively. The stretch formability of two-pass 
extruded LA51 sheet was investigated by Erichsen 
test on a circular blank with a diameter of 50 mm, 
using a hemispherical punch with a diameter of 20 
mm at room temperature. Blank-holder force and the 
punch speed were 10 kN and 6 mm/min, respectively. 
The Erichsen value was obtained during Erichsen test. 
Graphite grease was used as a lubricant on the central 
part of the specimens. 
 
3 Results and Discussion  
XRD patterns of as-cast LA51and the two-pass 
extruded LA51 alloy are shown in Fig. 1. The strong 
peaks of α-Mg phase are detected in the two alloys, 
and new phases are not found after two-pass 
extrusion.  
Figure 2 (a) and (b) shows the microstructure of as-
cast and two-pass extruded LA51 alloys. It reveals 
that the equiaxed grains distribute in as-cast LA51 
alloy, and the average grain size is about 230 μm. 
After two-pass extrusion, the specimen exhibits 
homogeneous microstructure with fine equiaxed 
grains due to dynamic recrystallization (DRX). The 
SEM images of both alloys are shown in Fig. 2 (c) 
and (d). It is noticed that there are a small amount of 
particles distributing in the as-cast LA51 alloy matrix. 
After two-pass extrusion, the particles are broken 
down into tiny granulated phases distributing along 
the ED. Because Li element cannot be detected by 
EDS, the particles cannot be identified by AlLi 
phases. Besides, according to XRD results, there are 
no new phases in as-cast and extruded LA51 alloy, 
thus these particles may be inclusions or Mg-Al-Li 
second phases. 
To examine grain size and texture of the two-pass 
extruded LA51 sheet exactly, EBSD analyses were 
conducted, and the results are shown in Fig. 3. The 
different colours  represent  the orientations  of  the 
 
 
Fig.1 — XRD pattern of as-cast LA51 alloy (a) two-pass extruded 
LA51 sheet (b) 




respective grains. Red color indicated (0002) basal 
plane parallel with the sheet plane while blue color 
represented (0002) planes lying 90
o
 away from the 
sheet plane. Meanwhile, HAGBs with misorientation 
angles larger than 15
 o





 were indicated by black and white 
lines, respectively. It reveals that the two-pass textured 
LA51 alloy had relatively weak (0002) texture, which 
is quite different with common Mg sheet
 8
, while the 
basal poles of most grains rotate toward TD in the 
present LA51 sheet. Besides, after two-pass extrusion, 
the LA51 sheet shows large frequency of HAGBs, 
meaning more random distribution of grains. The 
average grain size was about 25μm.  
 
 




Fig. 3 — EBSD map (a) misorientation angle distribution, (b) IPF , (c) distribution of grain size and (d) taken in the two-pass extruded 
LA51 sheet. 
 




It is suggested that the weaken basal texture of the 
two-pass extruded LA51 sheet was originated from 
the random distribution of grain, on account of two 
pass extrusion and the decreased axial ratio (c/a) due to 
Li addition. The c/a is known to have great influence 
on the deformation mechanism. Reduced c/a ratio of 
Mg alloy enhanced the activity of prismatic <a> slip 
and pyramidal <c+a> slip mode
27
. It has been observed 
that slip of non-basal <c+a> type dislocation is also 
promoted by adding lithium
22
. As a result, the weaker 
basal texture is attributed to Li addition due to the 
prismatic or pyramidal slip. It is discussed that 
prismatic slip mode had effect on the grains with their 
basal poles rotate toward the TD
28
. In this work, it is 
further confirmed that lithium addition produced a 
considerable reduction in basal texture intensity with 
the basal pole spreading toward TD (Fig. 3). According 
to the report
29
, a plane-strain compression texture was 
found in a hot strip-extruded Mg–4.6 wt% Li alloy, 
which was similar to that of metals characterized by 
significant prismatic slip, like Ti and Zr. 
Figure 4 displays the tensile stress-strain curves of 
the two-pass extruded LA51 sheets evaluated along 
ED, TD, and 45°
 
from ED. The 0.2% proof stress (YS), 
ultimate tensile strength (UTS) and elongation to 
failure (FE) also are summarized in Table 1. The 
tensile properties of a cast-rolled LA51 sheet
2
 are also 
shown in Table 1 in comparison with the previous 
work. As can be seen that both the FE and n value of 
the ―45
°
‖ sample show the highest while the UTS and 
YS are reverse. The FE values of the extruded LA51 
sheet at all direction show larger than those of the 
rolled LA51 sheet. The maximum FE of 33.9% is 
achieved in the ―45
°
‖ sample , while that of the rolled 
LA51 is no more than 25% 
2
. As shown above, the 
mechanical behaviors during tensile tests were strongly 
affected by the basal pole splitting toward the TD. 
Meanwhile, it is proved from Fig.3 that the two-pass 
extruded LA51 alloy exhibited greater spreading of the 
basal poles toward the TD than the RD. Therefore, a 
planar mechanical anisotropy was observed in the two-
pass extruded LA51 alloy. In the conventional 





SF = cos Φ·cos λ  … (2) 
 
Where Φ is the angle of tensile direction with 
respect to the normal direction of slip plane, and λ is 
the angle between tensile direction and optimal slip 
direction. In the two-pass extruded LA51 alloy of this 
work, Φ of ―TD‖ samples are mainly about 50°, while 
the same value of the ―45
°
‖ sample and the ―ED‖ 
sample are about 60° and 80-100° (Fig. 3(c)) , 
respectively. Therefore, the SF of basal plane for ―TD‖ 
sample and―45
o
‖sample are about 0.5 and 0.45, 
respectively. At the same time, the SF of basal plane 
for ―ED‖ sample is smaller than 0.17. As a result, the 
basal slip is more effective for the ―TD‖ sample and 
the―45
o
‖sample, which is beneficial to plastic 
deformation. On the other hand, the activity of basal 
slip is limited because of the small SF for the ―ED‖ 
sample. Therefore, the yield strength of the ―ED‖ 
sample is the highest among all the alloys. 
In general, the activation of slip systems in Mg 
alloys strongly effected by the critical resolved shear 
 
 
Fig. 4 — Nominal strain-stress curve of the two-pass extruded 
LA51 sheet tested at room temperature. 
Table 1 — Mechanical properties of the two-pass extruded LA51 sheet. 
Sample Orientation UTS(MPa) YS(MPa) Yield ratio FE(%) n 
two-pass extruded LA51 ED 199 121 0.61 22.4 0.233 
45o 171 92 0.54 33.9 0.360 
TD 220 93 0.42 29.9 0.292 
As-rolled LA512 RD 140 68 0.49 19.2 — 
TD 142 68 0.48 24.1 — 




stress (CRSS). It is widely believed that CRSS values 
for slip systems in Mg alloys are: CRSSbasal slip  
< CRSSprismatic slip < CRSSpyramidal slip
31
. Basal slip is an 
crucial slip mode in common Mg alloy probably due to 
its low CRSS. Non-basal slip is hardly activated as it 
has a larger CRSS compared to basal slip. In fact, the 
formability of Mg alloys is improved with Li addition 
,which can be attributed to the activation of the 
prismatic slip and pyramidal slip at temperatures below 
200 °C. Li addition can effectively reduce both the 
dislocation energy of Mg and the CRSS for non-basal 
slip. Therefore, pyramidal slip tend to play an 
important role in plastic deformation, which largely 
improved formability and rolling ability of Mg-Li 
sheet. Moreover, it is interesting that the texture did not 
have much effect on UTS of the two-pass extruded 




Stretch formability of the two-pass extruded LA51 
sheet at room temperature is investigated by conical 
cup tests. The result is shown in Fig. 5. The two-pass 
extruded LA51 sheet exhibits a good Stretch 
formability (the Erichsen values with 4.82 mm from 
Fig.5 (b)), which is larger than that of the hot-rolled 
AZ31 alloy (4.7 mm)
33
. As is known, the Erichsen 
values of most magnesium alloy sheets at room 
temperature are no larger than 4.0 mm
34
. Note that the 
Li addition plays a great role for the stretch 
formability of the LA51 sheet. Top view of the 
extruded LA51 sheet after Erichsen test is indicated in 
Fig.5 (a). The surface crack paralleling to ED 
appeared in all extruded LA51 sheets. However, there 
are several reports showed that, during Erichsen tests 
surface crack paralleling to the RD was observed in 
rolled AZ31 Mg sheet, which had a basal texture with 
basal pole splitting towards the RD. This result 
indicates the non-basal texture with basal pole 
rotating toward the TD had a very important impact 
on the macroscopic fracture behavior of the two-pass 
extruded LA51 sheet during Erichsen tests.  
It is also known that stretch formability is related to 
the strain-hardening exponent (n-value). Larger n-value 
usually means better ductility, especially uniform FE at 
room temperature. Both steel and Al alloys have n-
values of about 0.2~0.5 at room temperature, but the n-
values of common Mg alloys are smaller than 0.2. For 
instance, n values of AM30 and AZ31 alloy sheets 
were 0.17 and 0.14, respectively
35
. Nevertheless, the 
present LA51 sheets display larger n-values ranging 
from 0.233 to 0.360 (see Table 1). In addition, during 
plastic deformation there is another criterion which 
materials can sustain the work hardening that is yield 
ratio
36
. The lower the yield ratio, the better the stretch 
formability. The yield ratios of the two-pass extruded 
LA51 alloy in three directions are smaller than 0.7. 
Therefore, the good stretch formability of two-pass 
extruded LA51 alloy is owing to both smaller yield 
ratio and larger n-value. 
Besides, the formability of Mg alloy has a strong 
relationship with the texture. According to the results 
reported by Chino et al.
2
, it may be caused by the 
thickness-direction strain under different tensile stress. 
The thickness-direction strain was often observed 
under biaxial tensile stress. The outstanding stretch 
formability of the extruded LA51 sheet was on account 
of the reinforcement of thickness-direction strain due to 
the weak basal texture. As a consequence, it is a proven 
and effective method of enhancing mechanical 
properties and formability of magnesium alloy at room 
temperature, that alloying with lithium and two-pass 
extrusion. 
 
4 Conclusions  
The microstructure, texture evolution and mechanical 
properties of two-pass extruded Mg-5Li-1Al alloy have 
been investigated. The following conclusions can be 
drawn: Two-pass extrusion is developed to refine the 
grains of LA51 alloy, and uniform microstructure can be 
obtained. α-Mg phase is the only constituents of the two-
pass extruded sheet. The dynamic recrystallization can 
occur more sufficient in two-pass extrusion. The two-
pass extruded LA51 sheet shows a weak basal texture 
with basal pole tilting towards TD and accordingly 
improved the ductility and formability. The good 
mechanical property and formability are attributed to 
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